A new edge tangential multi-energy soft x-ray (ME-SXR) diagnostic with high temporal ( 0.1 ms) and spatial (∼1 cm) resolution has been developed for a variety of physics topics studies in the EAST tokamak plasma. The fast edge electron temperature profile (approximately fromr a 0.6 to the scrape-off layer) is investigated using ME-SXR diagnostic system. The data process was performed by the ideal 'multi-foil' technique, with no priori assumptions of plasma profiles. Reconstructed ME-SXR emissivity profiles for a variety of EAST experimental scenarios are presented here for the first time. The applications of the ME-SXR for study of the effects of resonant magnetic perturbation on edge localized modes and the first time neon radiating divertor experiment in EAST are also presented in this work. It has been found that neon impurity can suppress the 2/1 tearing mode and trigger a 3/1 MHD mode.
Introduction
As tokamak edge plasma properties can strongly impact the global confinement and fusion performance [1] , it has attracted broad interest in the magnetic confinement fusion research. A new tangential edge multi-energy soft x-ray (ME-SXR) diagnostic [2] has been developed in EAST tokamak [3] to help providing more insights on the plasma edge. This diagnostic is a complementary diagnostic for an existing poloidal diode-based array in the EAST tokamak, but with the aim of providing faster edge electron temperature estimate and studying a variety of edge plasma physics topics such as the effects of impurities on ELMs [4] and MHD/NTM [4] behaviors, disruption precursors [4] and 3D field effects [5] , etc. This paper will present the preliminary results from the ME-SXR diagnostic in the EAST tokamak.
In the EAST tokamak, the Thomson scattering (TS) diagnostic, which is routinely used for reliable electron density and temperature measurements, cannot be employed for fast, time-dependent (1 ms) magnetohydrodynamic (MHD) studies due to its low time resolution (20-200 ms) [6] . The electron cyclotron emission (ECE) diagnostic [7] in EAST has high temporal resolution (2.5 μs) but does not work in LHCD discharges due to the strong influence of fast electrons in the core plasma. Furthermore, ECE has difficulties in the EAST plasma edge, which is usually optically thin to the ECE radiation. To overcome these limitations, a new tangential edge ME-SXR diagnostic [2] has been developed in EAST tokamak [3] to 'fill-in' the gaps of the multi-point TS diagnostic for providing fast edge electron temperature (T e ) measurements (temporal resolution ∼0.1 ms and spatial resolution ∼1 cm). The principle and application of estimating the electron temperature with the ME-SXR diagnostic will be introduced in the following sections.
The tangential, 1D-Abel inverted, multi-energy SXR emissivity profiles contain much electron temperature, density and impurity information. This has been employed to study a variety of physics topics, such as MHD [8] [9] [10] and impurity transport [11] [12] [13] , on the NSTX [14] tokamak. In addition, compared to the conventional poloidal soft x-ray diagnostics, which has a poloidal field of view, the tangential x-ray diagnostics have higher spatial and temporal resolution, and may be able to measure small scale perturbations (high-m modes, where m is poloidal mode number) and transient processes [15, 16] . The newly developed tangential ME-SXR diagnostic in EAST plays an important role in many EAST experiments. Some preliminary results from the ME-SXR diagnostic are reported in this paper.
The rest of paper is organized as follows. The concept of 'multi-foil' technique and the ME-SXR diagnostic setup on EAST are reviewed in sections 2 and 3. Variable applications of the ME-SXR diagnostic, where emphasis is placed on SXR emissivity reconstruction results, are described in section 4. The T e estimate including the analysis of the line-integrated SXR data and inverted emissivities is studied in section 4.1. Other ME-SXR applications, containing the study of the effects of resonant magnetic perturbation (RMP) on edge localized modes (ELMs) as well as the first time neon radiating divertor experiment in EAST, with just ME-SXR emissivity profiles reconstruction, are presented in sections 4.2 and 4.3. The discussion and summary are given in section 5.
Principle of the ideal 'multi-foil' technique
Inspired by the fact that the continuum of SXR radiation strongly depends on electron temperature in a tokamak plasma, the ideal 'multi-foil' technique was developed. The procedure described below is adapted from [17] . This technique is valid to estimate electron temperature using two assumptions: the electrons are described by a Maxwellian electron energy distribution function (EEDF), and the SXR spectrum is dominated by continuum radiation. This technique loses accuracy below a minimal temperature (around 100 eV) below which the line emission contribution in the measured signal cannot be neglected. Based on these two assumptions, the SXR power emitted by a local volumeelement, filtered by a metallic foil and absorbed by the detector of choice is given by where n e , T e and Z eff are the local electron density, electron temperature and the average plasma ion charge, respectively. The enhancement of the radiated power over bremsstrahlung emission due to free-bound recombination is represented by the factor g ( ) T Z , , e arising primarily from the highly ionized carbon sourced from the carbon tile targets in EAST. By using multiple filters with different cut-off energies (E C ) and several detectors with overlapping plasma views, it allows to probe the same plasma volume at multiple energy ranges. The ratio ( ) R j i of SXR emissivities absorbed by the detector with the thick ( j) to thin (i) foils is described by where
n e e t n is the time where TS data is available.
is the difference in cutoff energies between the thick and thin filters. As indicated by equation (3), the variation of this ratio is due mainly to a local electron temperature change. Therefore, the quick evolution of the electron temperature profile between the multipoint Thomson scattering (MPTS) system sampling times could be obtained by normalizing the SXR ratios to the electron temperature profile measurements at each of the discrete MPTS times (t n ) available. The analytic expression which indicates the relationship between the local electron temperature and the normalized (to MPTS) SXR ratios 
The ideal 'multi-foil' technique has been successfully used for a variety of magnetically confined fusion devices [18] [19] [20] [21] [22] [23] . A large number of previous efforts using this technique only deal with the central (core) electron temperature [18, [21] [22] [23] or provide space and time-resolved measurements, but with the requirement of shot-to-shot reproducibility [19, 20] . Some related theoretical and experimental progress using this technique in NSTX has been made to provide the space and time-resolved T e measurements without these limitations [17, 24, 25] . In NSTX, the 'multi-foil' technique was applied to the tangential 'multi-color' optical (scintillator-based) soft x-ray (OSXR) diagnostic [10, 25] . There are many differences between the OSXR diagnostic in NSTX and ME-SXR diagnostic in EAST, such as the thickness of metal foils and the sightlines of the each diagnostics. It is important to develop and adapt the 'multi-foil' technique which is used in NSTX to the ME-SXR in EAST.
Diagnostic setup on the EAST tokamak
The edge ME-SXR system has been built in the Experimental Advanced Superconducting Tokamak (EAST) after 2015 experimental campaign. Its main electronic scheme for 2015 and 2016 experiment is shown in figure 1(a) . The AXU-V20ELG 20-element diode arrays from Opto Diode Corp have been used as detectors. The ME-SXR system consists of five sets of vertically stacked diode arrays, each viewing the plasma tangentially through independent pinholes and filters. The independent pinholes provide an overlapping field-ofview (FOV) of the same plasma volume which allows simultaneous SXR measurements as schematically described in figure 1(d). Four arrays with different foil filters (0.3 μm titanium (Ti), 5 μm beryllium (Be), 15 μm Be, and 50 μm Be foil) provide four different cutoff energies for the measurements of the integrated SXR spectrum. The thin foil filters can be used to detect SXR impurity line emission, and thicker filters are used to provide continuum measurements at energies above the typical line emission. The fifth array without a foil essentially operates as a bolometer to provide total radiation information in the plasma edge. The 1st stage preamplifiers are custom designed using the MAZeT MTI04 multi-channel, variable gain transimpedance amplifier IC. The output signals of the pre-amplifiers are routed finally to a set of 3×32 channel 2nd stage 10 V V −1 voltage amplifier circuits [2, 8] . Then the amplified ME-SXR signals are delivered to the data acquisition system. Depending on the pre-amplifier gains and sampling rate of the DAQ module, this diagnostic has a time resolution 0.1 ms. The ME-SXR is installed at horizontal port (No. J) with a tangential FOV ranging from 2108 to 2285 mm (approximately fromr a 0.6 to the scrape-off layer) in the 2015 and 2016 experimental campaigns as shown in figure 1(b) . Since the ME-SXR is installed 181 mm higher than midplane, equilibrium flux mapping is used to do the projection to the mid-plane as shown in figure 1(c) . This diagnostic has a spatial resolution ∼10 mm.
Additional detailed information regarding the edge ME-SXR diagnostic in EAST can be found in [2] .
Data analysis for EAST plasmas

ME-SXR signals and application in the T e ðR; t Þ estimates
Results of a high power and high confinement (H) mode discharge (EAST shot #54804) without RMPs are presented here for discussion. Figures 2(a)-(c) show the time evolution of the plasma current (I p ) and the auxiliary heating powers [3] for this discharge separately. For convenience, four distinct phases of the H-mode plasma are distinguished by their impact on the central-line-averaged density ( ) n , e the plasma stored energy (W MHD ) and the ELM size, which is deduced from divertor D α emission. The starting and ending time of four phases is identified as the following: first phase: from t=3.29 to t=4.05 s; second phase: from t=4.05 to t=4.40 s; third phase: from t=4.40 s to t=4.945 s and fourth phase: from t=4.945 to t=5.50 s. In the third phase, the central-line-averaged density and plasma stored energy remain nearly constant at high values as shown in figure 2(d) . The information from the edge radiation measured by a 64-channel extreme ultra-violet (XUV) bolometer array [26] also shows distinct differences among the four phases (see figure 2(e) ). The electron temperature and density profiles measured by the MPTS system are also available to describe the phase change as shown in figure 2(f). Due to the shortcomings of the MPTS and ECE in EAST, as mentioned previously, the edge ME-SXR system may play an unique role in providing the fast (>10 kHz) measurements of changes in the electron temperature for this discharge on EAST.
4.1.1. Line integrated x-ray signals. The line-integrated signals from the XUV bolometer array and edge ME-SXR arrays (at ρ∼0.9) in the discharge (EAST shot #54804) are demonstrated in figure 3 . Even though the ME-SXR arrays and XUV array represent two distinct views (tangential versus poloidal), they show similar global time evolution due to their similar dependence on the electron density and temperature profiles. This indicates that the ME-SXR worked properly in the discharge. Additionally, the line-integrated signals of the ME-SXR arrays reflect the change of plasma confinement in the discharge, as shown in figure 3 . All the channels of the detectors are relatively calibrated without filter foil by a standard panel visible light source. The discrepancy between channels is corrected according to the calibration results. Since the electron temperature is estimated by the measured emissivity ratio between two detectors with different filter foils [17] , it may not be strongly affected without absolute calibration. Further information can be obtained from the Abel inversions of the line-integrated signals.
4.1.2. SXR emissivity reconstructed profiles. Because of the sensitivity of the inversion process to the derivative of the brightness profile, cubic spline functions have been applied to smooth the raw line-integrated data. The degree of smoothing is such that the resultant function fits within the data uncertainty [17, 27] . Based on this smoothing spline technique and the matrix-based inversion technique [17, 25, 28] , the time evolution of the reconstructed emissivity profiles of ME-SXR are obtained as shown in figure 4 . From t=4.6 to 5.0 s, the low-, medium-and highenergy (Be 5 μm, Be 15 μm and Be 50 μm) emissivity profiles remain nearly constant, but quickly decrease at approximately t=5.0 s. The total emissivity profile < < ( ) r a 0. 6 1.04 , which is imaged by the non-foil bolometric array also shows the similar change. This change of the ME-SXR emissivity profiles is related to the presence of a MHD mode close to the edge, which is indicated by the frequency spectrogram of the Mirnov data as shown in figure 6(d) .
Before calculating the fast time history of electron temperature profiles, the ME-SXR low-, medium-and highenergy (Be 5 μm, Be 15 μm and Be 50 μm) emissivity signals of all the channels are routinely plotted as a function of the respective cutoff energies to check the consistency of the Maxwellian EEDF and the possible contamination by lineemission [21, 25] . These traces should have an exponential dependence on cut-off energy (E c ) if the basic assumptions are valid (as predicted by equation (1)). Figure 5 illustrates the check at t=4.949 s. Only the last two channels (channel 19 and 20) do not have the exponential dependence on cut-off energy, and are possibly affected by the line-emission contamination at the outer edge. It is therefore reasonable to estimate the electron temperature inside plasma for the discharge (EAST shot # 54804, from channel 1 to channel 18) using the multi-foil technique.
The fast edge electron temperature time evolution based on the ratio of the absorbed SXR signals between the detector with 50 and 5 μm Be foils is derived from the equation (4) as shown in figures 6(a) and (b). The electron temperature estimated by the ME-SXR diagnostic with 0.5 kHz low-pass filtering can 'fill-in' the temporal gap between the discrete MPTS spline values as depicted in figure 6(a) . Detailed comparison shows the ME-SXR T e estimate in good agreement with the MPTS T e measurement in this discharge as shown in figure 6(c) . A contour plot of the edge electron temperature estimated by the ME-SXR with 8 kHz low-pass filtering, thus retaining the fluctuation information below 8 kHz, is presented in figure 6(b) . The edge electron temperature profiles show a quick change at approximately 5.0 s, which are more affected by the MHD mode close to the plasma edge. This edge mode is observed in both the frequency spectrogram of the Mirnov data and core soft x-ray data [29] as shown in figure 6(d) . After 5.0 s, although the electron temperature in some radial range (from 2.17 to 2.23 m) increases in a short time, the electron temperature in the radial range (from 2.17 to 2.305 m) has a general decreasing trend. The large spikes in the contour of electron temperature, indicating a sharp temperature decrease, between 5.0 and 5.4 s correspond to bursts of large ELMs. As mentioned before, figures 6(a) and (b) data lose accuracy near 2.3 m, where the temperature falls below ∼100 eV and the line impurity radiation becomes significant. Further study of the (core and edge) instabilities and the different H-mode phases in this shot is underway.
Application in the RMP induced ELM suppressed plasmas
The ME-SXR diagnostic is also a useful tool to study ELMs and their effects on plasma macroscopic properties. In the 2015 RMP [30, 31] experiment, ELM mitigation or suppression has been successfully achieved by RMP in EAST [32] . One typical discharge demonstrating the nonlinear transition from ELM mitigation to ELM suppression using an RMP current scan with a 45°phase difference [32] is shown in figure 7(a) . In this discharge, the external RMP is added at 4 s. The reconstructed low-energy (Be 5 μm foil) emissivity profile of ME-SXR shows the clear transition from mitigation to suppression of ELMs (see figures 7(b)-(f) ). The medium-and high-energy emissivity profile is similar to the low-energy emissivity profile in this case and not shown here. In both ELM mitigation and Figure 4 . Pseudo color plots of the reconstructed ME-SXR emissivity profiles for EAST shot # 54804. E c is the approximate cut-off energy of the beryllium filter (for a SXR transmission of 50%) and it is used for all of section 4. suppression cases, the edge emissivity profiles become flat, with more 'flattening' observed in the ELM suppression case. As described in [17] and discussed in this paper, without strong line-emission contamination from impurities, the local SXR power emitted by the plasma and absorbed by the low-energy detector (Be 5 μm foil) can be described by equation (1), approximately e µ T Z n . The plasma pressure µ p e n T . e e Thus, the SXR signals approximately correlate with the plasma pressure [33] . Application of RMP results in plasma density pump-out, decrease in electron temperature and overall plasma pressure [32] . This density pump-out could be the primary reason for the decrease in edge emissivity after the application of RMP.
A more detailed relation among RMP, ELM and plasma pressure of this discharge approximately reflected by the lowenergy (Be 5 μm foil) emissivity profiles is shown in figures 7(b)-(f) . The amplitude and frequency of the ELMs did not change much at the beginning of the application of the RMP, likely due to the relatively small amplitude of the applied RMP field (see figures 7(b) and (c)). However, with the increase in the intensity of the RMP, the amplitude of ELM was reduced with a corresponding increase in the frequency of the ELMs as shown in figures 7(d) and (e). In this discharge, the ELMs were fully suppressed when the current of the RMP coils exceeded the critical value of 8 kAt as depicted in figure 7(f) . During the ELM cycle, the intensity of low-energy (Be 5 μm foil) emissivity drops initially at the edge (2.25-2.3 m) at the time of the ELM, with the reduced SXR intensity propagating radially inward. After the ELM, the SXR emissivity gradually recovers in amplitude close to the original, pre-ELM value. This SXR intensity evolution is similar to the general evaluation of plasma pressure response during an ELM cycle.
The ELM crash is shown in figure 8 by the time evolution of relative fluctuation of the line integrated profiles of the ME-SXR diagnostic. At the time of ELM burst, the relative fluctuation level of the line integrated profiles strongly increased at the steep pressure gradient region, then the increased relative fluctuation propagated radially outward to the scraped-off layer, while at the pedestal top and core region, the relative fluctuation level decreased. This suggests that ELM starts at the edge and ejects filaments outward, and Figure 5 . The consistent check of an exponential trend for the signals of ME-SXR versus the cut-off energies of the beryllium filters at different tangency radii. r Tchan1 represents the corresponding tangency radius of channel 1 of different arrays, and so forth. also flats the plasma profiles around the pedestal region. After the ELM, during the inter-ELM phase, the relative fluctuation level of ME-SXR gradually increased with the plasma profiles gradually recovered to the level of that prior to the ELM crash ( figures 8(a)-(d) and (f) ). During the ELM suppression phase, the relative fluctuation level of the line integrated profiles is much smaller than that during ELMy phases as shown in figure 8 (e).
Application in the impurity transport experiments
In 2016, neon gas was deliberately seeded as an extrinsic impurity in the radiating divertor experiment in EAST for the first time. In this experiment, the shots consisted of uppersingle-null, L-mode discharges using lower hybrid wave heating as the only auxiliary heating. A variety of scenarios, including changes in the impurity gas injection location (upper outer target or lower outer target) and impurity injection amounts were studied in this experiment. A typical discharge of this experiment is shown in figure 9(a) . The ME-SXR diagnostic is a useful tool to study the impurity transport and effects on MHD [11] [12] [13] for this experiment. Compared to the foil configuration of the ME-SXR used in 2015, there is a little change in 2016 (no foil, 5 μm Be, 15 μm Be, 25 μm Be and 50 μm Be for five arrays respectively).
Figures 9(b)-(f) show an example of the experimental results with inverted emissivities for the ME-SXR arrays. The neon puff (6×10 19 electrons s −1 ) from the upper outer target began at 3.0 s with a puff duration of 25 ms. For measurements of this event, the bolometer signal of the ME-SXR is dominated by the L-shell emission, while the 5 μm Be array measures mainly K-shell lines (He-like and H-like neon). The continuum emission from the fully stripped neon is measured by 50 μm Be array [11] . Comparing to the partially similar experiment from NSTX (in H-mode case) [25] , the neon can move deeper inside the plasma in EAST (as seen in figures 9(b)-(f)), possibly due to the relatively high level of seeding impurity and low edge temperature in L-mode discharge. After the neon puff, it took approximately 240 ms for neon buildup at EAST, after which the neon concentration slowly declined as it was pumped out of the plasma. Further impurity transport analysis on the basis of this experiment using TRANSP [34] , STRAHL [35] and other related codes is planned for future work. The ME-SXR arrays are also being used in assessing the impurity accumulation and its effects on MHD in EAST. A discharge (EAST shot #64632) was developed with two separate neon puffs, injected from the upper outer target, (6×10 19 electrons s −1 ), at 3.0 s, 4.5 s with puff durations of 25 ms, 20 ms respectively. In this discharge, we find that some modes were suppressed while other new modes were triggered after the neon puffs, as shown in the core poloidal soft x-ray (SX) [29] spectrogram (see figure 10(a) ). Interestingly, an edge resistive (3, 1) MHD mode which was triggered by the second neon puff was detected by the ME-SXR as shown in figure 10(b) . This was also identified by the frequency spectrogram of the edge poloidal SX [29] data and the Mirnov data as indicated in figures 10(c) and (d). The effect of the resistive (3, 1) MHD oscillations on the reconstructed emissivity profiles of the ME-SXR arrays is depicted in figure 11 . The low-energy (Be 5 μm foil) emissivity profile, which is sensitive to H-and He-like neon density fluctuations, showed relatively little effect from the MHD mode oscillations. However, the medium-and high-energy emissivity profiles (Be 25 μm foil and Be 50 μm foil), which are sensitive to the electron temperature variations as well as the density perturbations of the fully stripped neon, showed stronger oscillations at the same frequency of the (3, 1) MHD mode. This different response to the MHD mode between different emissivity profiles is under study. It could be the case that the lowenergy SXR signal is strongly peaked outside of where the MHD mode is located, so would not show much of an effect. Or perhaps the low-energy SXR emissivity gradient is relatively flat in the region of the mode. This could be an explanation but still needs more study [36] . As reported in NSTX [12] , the locally enhanced radiation can contribute to the early appearance of the tearing modes (TMs) activity. In EAST, we have found that the locally enhanced radiation can suppress the TMs and trigger a new MHD mode as indicated in figures 10(b)-(d). The plasma equilibrium change after impurity injection could contribute to the stabilization of 2/1 TM. But this hypothesis needs to be examined by more experimental data. The deliberate neon impurity injection may change the local Z eff , the local radiated power density and also the local collisionality. Additionally, the impurity injection can influence the plasma rotation and pressure profiles. All of these factors can have strong effects on MHD stability in the radiating divertor experiments. Deeper study of the effects of impurity on MHD are planned for future experiments.
Conclusions
The parity of the MHD mode mentioned in this paper cannot be determined with the ME-SXR diagnostic. The poloidal and toroidal mode numbers are determined using the Mirnov data and the 2D tomographic inversion of the SXR signals.
In this paper, for the SXR energies of interest
the transmission of a metallic foil is approximated by a steplike (Heaviside) function. This choice of transmission function has been used for previous SXR [17, 37] . A more accurate model for analytically describing the transmission of SXR continuum radiation through a metallic foil for the ME-SXR system in EAST is underway.
The 1D-Abel reconstructions of MHD phenomena have been considered only as a first order approximation of non-axisymmetric, helical reconstructions. When the local emissivity is perturbed by a helical mode in the torus-shaped plasma, the assumption of toroidal axisymmetry is broken, and the Abel-inverted reconstructed emissivities may either slightly over, or underestimate the magnitude of the perturbation due to these geometric effects. However, the timeaveraged reconstructions should still provide a relatively accurate measurement of the true plasma emissivity profile. The SXR forward modeling in which the MHD mode recognition is made on the basis of a fit of the tangentially integrated data to a specific (m, n) perturbation will be studied in the future [25, 38, 39] .
In summary, variable applications of the newly developed ME-SXR diagnostics in EAST tokamak have been described. The 'multi-foil' technique described in this paper has been successfully applied to the T e estimate based on the ME-SXR data. This fast T e estimate 'fills-in' the gaps of the multi-point TS diagnostic whose sampling rate is 5-50 Hz in EAST. However, in the cases of strong line-emission contamination from impurities, the limitations of this technique become apparent, notably the increasing inaccuracy below 100 eV. The tangential ME-SXR emissivities have been obtained through 1D Abel inversions. The preliminary results (including L-mode and H-mode discharges) presented in this paper suggest that the ME-SXR diagnostic in EAST can be used in many different scenarios for MHD mode recognition, effects of RMPs on ELMs, impurity transport experiments and effects on MHD studies, etc. The relation among RMP, ELM and plasma pressure of the discharge can be approximately reflected by the ME-SXR low-energy (Be 5 μm foil) emissivity profiles. And the ELM crash can also be shown by the time evolution of the relative fluctuation of the ME-SXR line integrated profiles. Of note, it has been found that neon impurity can suppress the 2/1 TM and trigger a 3/1 MHD mode. Deeper studies on the above topics with other diagnostics and analysis codes are planned for future experiments. 
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